Tuberculosis has been largely curable since 1948, yet it killed an estimated 1.8 million in 2015 \[[@R1]-[@R3]\]. Since 2010, the global tuberculosis incidence has declined at an unimpressive rate of around 1.5%-1.65% each year \[[@R1]-[@R3]\]. In 2015, there were an estimated 10.4 million new cases of tuberculosis \[[@R3]\], and of these, 4.3 million cases, around 40%, were either not diagnosed or were not notified to health authorities \[[@R3]\]. Tuberculosis continues to be the biggest killer of people living with HIV, and afflicts an estimated one million children, only one third of whom receive any diagnosis or care \[[@R3]\].

The End TB Strategy, adopted by the World Health Assembly in 2014, aims to reduce the incidence of tuberculosis by 80% and deaths by 90% by 2030 compared to the levels observed in 2015 \[[@R4]\]. Since 2000, coinciding with the launch of the United Nations' Millennium Development Goals (MDGs), the development assistance for tuberculosis rose from US\$ 150 million in 2000 to US\$ 1.5 billion in 2016 \[[@R5]\], contributing to the expansion and improvement of tuberculosis control programs globally \[[@R6],[@R7]\]. However, in 2015 the funding for tuberculosis from international sources was lower than that in 2010, due to reduced donor funding that followed the global economic downturn in 2009 \[[@R5],[@R7]\]. The ongoing economic malaise experienced by donor countries, and the transition from MDGs to Sustainable Development Goals (SDGs), with many priority areas and targets beyond the MDGs, means increased donor funding for tuberculosis is unlikely \[[@R6],[@R8]\]. Hence, available resources have to be used more effectively and efficiently to improve tuberculosis diagnosis, treatment, and care delivery.

Conditions such as diabetes, tuberculosis or HIV have been used as tracers to examine health system performance \[[@R9],[@R10]\]. An analysis of the tuberculosis care cascade could be used to examine health system performance in relation to management of tuberculosis \[[@R11]-[@R13]\]. Earlier studies have documented the association between performance of national tuberculosis programs and tuberculosis disease burden \[[@R14]-[@R21]\]. These studies have shown that timely diagnosis and treatment resulted in better outcomes \[[@R14],[@R16],[@R19],[@R22]\]. High performance in relation to case detection helped to lower tuberculosis incidence, prevalence, and mortality levels \[[@R14]\]. Conversely, under-diagnosis of tuberculosis and barriers to treatment access experienced in weak health systems undermined effective management of tuberculosis and adversely affected outcomes \[[@R1],[@R19],[@R21]\]. For example, in Ethiopia, delayed diagnosis and treatment of tuberculosis patients led to poor treatment outcomes \[[@R16]\]. Effective treatment is key to reducing tuberculosis deaths. Case fatality rate for untreated tuberculosis is estimated to be 70% globally \[[@R23]\]. Treatment completion is critically important in achieving better treatment outcomes, and good ambulatory care delivery may help limit emergence of drug-resistant tuberculosis \[[@R24]-[@R26]\].

This study examines patterns of care along tuberculosis care cascade in countries with high-burden of disease (as defined by the World Health Organization (WHO): 20 high tuberculosis burden countries based on absolute number of incident cases and 10 high tuberculosis burden countries based the prevalence rate per 100 000 population) and low-burden of tuberculosis, to ascertain performance patterns of health systems in managing tuberculosis and to show the care gaps across countries. We hypothesized that high-burden tuberculosis countries underperform in each area of the care cascade compared to non-high-burden countries. We also hypothesized that performance of tuberculosis care cascade is correlated with health system performance.

METHODS
=======

Data
----

We used the WHO Global TB database \[[@R27]\], which includes data reported by 217 countries on notification, treatment, mortality and financing for tuberculosis. The data also includes estimated prevalence rates for tuberculosis in each country. We analyzed data from countries which reported tuberculosis notification cases in 2015 and treatment cases in 2014. The difference in years arises because WHO collects and releases treatment success rates based on treatment cohorts from the preceding year.

Our study was based on data from 183 countries, where the total number of incidence cases in 2015 was more than zero and the total number of treated or cured cases of 2014 cohort was more than zero. We excluded 9 countries that had missing values or zero for estimated number of incident cases.

Analysis
--------

### TB care cascade

Using data from WHO Global TB database in 2015 we constructed a tuberculosis care cascade consisting of four steps: incidence, diagnosed, treatment started and treatment completed. We used (i) "estimated number of incident cases (all forms)" for 'incidence', (ii) the sum of "total of new and relapse cases and cases with unknown previous tuberculosis treatment" for 'diagnosed', (iii) the sum of "outcomes for all new and relapse cases: cohort size" and "outcomes for previously treated patients: cohort size" for 'treatment started', and (iv) sum of "outcomes for all new and relapse cases: treatment success (cured or treatment completed)" and "outcomes for previously treated patients: treatment success (cured or treatment completed)" for 'treatment completed'.

The number of incident tuberculosis cases of 2015, the first step of cascade, was expressed as 100%. Each of the following tuberculosis care cascade steps (diagnosed, treatment started and treatment completed) was divided by WHO's estimate of the number of incident tuberculosis cases for 2015 and was presented as a percentage.

If a country either reported new and relapse cases and cases with unknown previous tuberculosis treatment history, or new and relapse cases and cases with unknown previous tuberculosis treatment history, we treated the missing values of either variable as zero and summed both variables to get the total figure for the step of diagnosis. Likewise, if a country either reported treatment success cases of new and relapse cases, or treatment success cases of previously treated patients, we treated missing values of either variable as zero and summed both variables to get the total figure for the step of treatment.

To analyze and compare variations in tuberculosis care cascade of high-burden countries, we first developed one care cascade combining data for the 30 high-burden countries. We then developed 30 care cascades for each of 30 high- burden countries; one overall average cascade that included the 183 countries worldwide; and one overall average cascade for the 153 non-high-burden countries. We calculated the proportion of diagnosed, treatment started and treatment completed as percentages of incidence in each country and constructed aggregated care cascades by averaging the proportion of diagnosed, treatment started and treatment completed for each country in each study group.

Based on the constructed tuberculosis care cascades, we then performed a non-parametric Wilcoxon-Mann-Whitney test to compare the differences in performance in tuberculosis care cascades among the 30 high-burden countries and the 153 non-high-burden countries. We used non-parametric statistics because the variables analyzed were not normally distributed.

We also analyzed the relationship between indicators routinely used to assess overall health system performance, namely population health indicators (infant mortality rate \[[@R28]\], maternal mortality ratio \[[@R29]\], and death rate for communicable diseases and maternal, prenatal and nutrition conditions \[[@R30]\]), immunization coverage rates (for BCG \[[@R31]\], Hepatitis B \[[@R32]\], DPT \[[@R33]\], measles \[[@R34]\], polio \[[@R35]\]), and antenatal care indicators (pregnant women receiving prenatal care \[[@R36]\], pregnant women receiving prenatal care of at least four visits \[[@R37]\] and births attended by skilled health staff \[[@R38]\]) to examine if tuberculosis management performance, as measured by the care cascade, could also be used as a tracer to examine health system performance \[[@R39],[@R40]\].

RESULTS
=======

In 2015, 206 countries reported 6.2 million of new and relapse tuberculosis cases and 201 countries reported 0.2 millions of previously treated cases.

The 30 high burden countries accounted for 87% of the global tuberculosis incidence: Angola, Bangladesh, Brazil, China, Democratic People's Republic of Korea, Democratic Republic of the Congo, Ethiopia, India, Indonesia, Kenya, Mozambique, Myanmar, Nigeria, Pakistan, Philippines, Russian Federation, South Africa, Thailand, United Republic of Tanzania, Viet Nam (based on the number of incident cases), Cambodia, Central African Republic, Congo, Lesotho, Liberia, Namibia, Papua New Guinea, Sierra Leone, Zambia, Zimbabwe (based on the prevalence rate).

Eleven countries -- Antigua and Barbuda, Aruba, US Virgin Islands, Comoros, Bonaire, Saint Eustatius and Saba, Saint Kitts and Nevis, San Marino, Bahrain, Curacao, Turkmenistan and Qatar- didn't report their total new and relapse cases and cases with unknown previous tuberculosis treatment history in 2015.

Five countries -- Japan, Greenland, Saint Lucia, Canada, and Haiti -- reported new and relapse cases and cases with unknown previous tuberculosis treatment history but not previously treated patients in 2015.

193 countries reported treatment cases of all new and relapse cases of 2014 cohort (cured or treatment completed) in 2015, and 182 countries reported the number of treatment success cases (cured or treatment completed) of previously treated patients (cured or treatment completed) of 2014 cohort in 2015.

There were seven countries where the total notified cases were higher than the estimated number of tuberculosis cases incident in 2015. These seven countries (estimated incidence/the total number of notified tuberculosis cases) were Azerbaijan (6800/7501), Denmark (340/357), Nauru (12/18), Republic of Korea (40 000/40 847), Russian Federation (11 500/130 904), Sao Tome and Principe (180/207), and The Former Yugoslav Republic of Macedonia (270/284).

We present in [**Figure 1**](#F1){ref-type="fig"} the tuberculosis care cascade combining data for the 30 high-burden countries, in [**Figure 2**](#F2){ref-type="fig"} the tuberculosis care cascades for each of 30 high-burden countries, in [Figure 3](#F3){ref-type="fig"}, one overall average cascade that included the 183 countries worldwide, and in [**Figure 4**](#F4){ref-type="fig"} one overall average cascade for the 153 non-high-burden countries.

![TB care cascade for 30 high-burden countries, 2015. Diagnosed: 100 × \[(sum of total of new and relapse cases and cases with unknown previous tuberculosis treatment, 2015)/(estimated number of incident cases (all forms), 2015)\]. Treatment Started: 100 × \[(sum of outcomes for all new and relapse cases: cohort size and outcomes for previously treated patients: cohort size, 2015)/(estimated number of incident cases (all forms), 2015)\]. Treatment Completed: 100 × \[(sum of outcomes for all new and relapse cases: treatment success (cured or treatment completed) and outcomes for previously treated patients: treatment success (cured or treatment completed)/ (estimated number of incident cases (all forms), 2015)\].](jogh-09-010423-F1){#F1}

![TB care cascade for each of 30 high burden countries, 2015. Steps correspond to, in order, Incidence, Diagnosed, Treatment Started, and Treatment Completed.](jogh-09-010423-F2){#F2}

![TB care cascade for all the 30 high burden and 153 non-high burden countries, 2015.](jogh-09-010423-F3){#F3}

![TB care cascade for 153 non-high burden countries, 2015.](jogh-09-010423-F4){#F4}

There was a statistically significant difference in the diagnosis rate, treatment start rate, and treatment completion rate between the 30 high-burden countries and the 153 non-high-burden countries at the alpha level of *P* ≤ 0.05 ([**Table 1**](#T1){ref-type="table"}). The 30 high-burden countries had statistically significant lower rank in diagnosed rate and treatment start rate compared to 153 non-high burden countries.

###### 

Wilcoxon-Mann-Whitney test for care cascade and TB burden between high burden countries and non-high burden countries

                        N     Test statistics   *P*-value
  --------------------- ----- ----------------- -----------
  Diagnosed             183   3.849             \<0.001
  Treatment Started     183   3.374             \<0.001
  Treatment Completed   183   2.167             0.030

\*The number of treated patients was based on WHO 2014 data.

In the 30 high-burden countries, patients with tuberculosis were less likely to be diagnosed and treated compared to those who lived in non-high-burden countries ([**Figure 1**](#F1){ref-type="fig"}, [**Figure 3**](#F3){ref-type="fig"} and [**Figure 4**](#F4){ref-type="fig"}). [**Figure 1**](#F1){ref-type="fig"} illustrates the tuberculosis care cascade of average 30 high burden countries with 95% confidence interval. In the 30 high-burden countries, on average 65% (95% CI = 57%-73%) of tuberculosis population was diagnosed and approximately 49% (95% confidence interval CI: 41% -56%) out of tuberculosis population completed treatment. The 30 high-burden countries showed the biggest gap between tuberculosis incidence and individuals diagnosed with tuberculosis, compared to other countries.

[**Figure 2**](#F2){ref-type="fig"} presents the tuberculosis care cascades for each of the 30 high-burden countries. Approximately 77% (23 countries of the 30 high-burden countries) underperform in case detection, with diagnosis rate less than 77.38%, which was the average diagnosis rate for the 183 countries. Nigeria showed the largest gap between new cases of tuberculosis and people who had access to diagnosis and treatment. Only 15% (90,584) of Nigerian population with presumptive tuberculosis (n = 586 000) was diagnosed, and just 13% (n = 78 883) of this group completed treatment. Conversely, Papua New Guinea showed comparatively high diagnosis rate (87%; 28 696 of 33 000), but showed the largest drop from diagnosis to treatment care step with the lowest treatment start rate (15%: 4805 of 33 000) and the lowest treatment completion rate (10%; 3293 of 33 000) among 30 high-burden countries. Indonesia, Nigeria, United Republic of Tanzania, Mozambique showed diagnosis rates lower than 40%. Even though China was ranked third among 30 high-burden countries in terms of the number of tuberculosis incident cases, it showed diagnosis, treatment start, and treatment completion rates higher than 85%. Among six countries that accounted for 60% of tuberculosis incidence in 2015, five countries except China, India, Indonesia, Nigeria, Pakistan, South Africa showed low screening performance with large gaps between tuberculosis prevalence and those diagnosed.

[**Figure 3**](#F3){ref-type="fig"} presents aggregated average tuberculosis care cascade across 183 countries with 95% confidence interval. We estimated that 78% (95% CI = 75%-80%) was diagnosed, 74% (95% CI = 70%-79%) started treatment, and 58% (95% CI = 54%-63%) of tuberculosis population successfully completed treatment globally ([**Figure 3**](#F3){ref-type="fig"}). 23% of the tuberculosis population was not diagnosed, 3% of diagnosed patients did not receive treatment, and 16% of patients who started treatment were lost to follow-up during the course of treatment ([**Figure 3**](#F3){ref-type="fig"}).

[**Figure 4**](#F4){ref-type="fig"} shows aggregated average tuberculosis care cascade for the 153 non-high burden countries. We estimated that 80% (95% CI = 77%-83%) of the cases was diagnosed, 77% (95% CI = 72%-82%) started treatment, and 60% (95% CI = 55%-65%) successfully completed treatment. The biggest difference between the tuberculosis care cascade for high-burden countries and that for non-high-burden countries was in the step of diagnosis. While 35% of tuberculosis population was undiagnosed in high-burden countries, around 20% of tuberculosis population was undiagnosed in the non-high-burden countries ([**Figure 1**](#F1){ref-type="fig"} and [**Figure4**](#F4){ref-type="fig"}). There was higher rate of treatment dropout rate (17%) in the non-high-burden countries compared to that in high-burden countries (11%) ([**Figure 1**](#F1){ref-type="fig"} and [**Figure 4**](#F4){ref-type="fig"}).

Relationship between TB care cascade performance and health system performance indicators
-----------------------------------------------------------------------------------------

We found an overall negative relationship between population health indicators (namely, infant mortality rate, maternal mortality ratio, the cause of death by communicable disease, and maternal, prenatal and nutrition conditions) typically used to measure health system performance and TB care cascade performance ([**Table 2**](#T2){ref-type="table"}) (ie, strong performance of TB care cascade was correlated with better population health outcomes, as indicated by lower mortality rates). The correlation coefficients ranged from -0.6 to -0.4 between performances of TB care cascade steps (diagnosed, treatment started and treatment completed) and the selected population health indicators ([**Table 2**](#T2){ref-type="table"}). The relationship between population health indicators and TB care cascade performance was biggest in the care cascade step of diagnosed with -0.6 of correlation coefficient ([**Table 2**](#T2){ref-type="table"}).

###### 

Correlation between TB care cascade performance and health systems indicators in 2015

                                                                                                                                          TB care cascade performance                                                     
  ------------------------------- ------------------------------------------------------------------------------------------------------- ----------------------------- ----------------------- ------------------------- ------
  **Health systems indicators**   **N**                                                                                                   **Diagnosed**                 **Treatment started**   **Treatment completed**   
  Population                      Infant mortality rate                                                                                   175                           -0.6                    -0.5                      -0.4
  Health                          Maternal mortality ratio                                                                                169                           -0.6                    -0.5                      -0.4
                                  Cause of death, by communicable diseases and maternal, prenatal and nutrition conditions (% of total)   168                           -0.6                    -0.5                      -0.4
  Immunization                    DPT                                                                                                     174                           0.3                     0.3                       0.3
  Coverage                        Measles                                                                                                 174                           0.4                     0.4                       0.4
  Rate                            Hepatitis B                                                                                             166                           0.3                     0.3                       0.3
                                  Holio                                                                                                   174                           0.4                     0.3                       0.3
                                  HIB3                                                                                                    171                           0.3                     0.3                       0.3
                                  BCG                                                                                                     149                           0.2                     0.2                       0.2
  Antenatal                       Pregnant women receiving prenatal care (%)                                                              38                            0.3                     0.3                       0.3
  Care                            Pregnant women receiving prenatal care of at least four visits (% of pregnant women)                    35                            0.3                     0.2                       0.2
                                  Births attended by skilled health staff (% of total)                                                    90                            0.5                     0.4                       0.3

DPT -- diphtheria, pertussis, tetanus, BCG -- Bacillus Calmette-Guerin, HIB3 -- Haemophilus influenza type B

We found a positive relationship between immunization coverage rate and antenatal care coverage and TB care cascade performance (ie, strong performance of TB care cascade was positively correlated better immunization rate and antenatal care coverage) ([**Table 2**](#T2){ref-type="table"}). The correlation coefficients ranged from 0.2 to 0.4 for the relationship between immunization coverage rate indicators and TB care cascade performance and those ranged from 0.2 to 0.5 for the relationship between antenatal care indicators and TB care cascade performance ([**Table 2**](#T2){ref-type="table"}).

DISCUSSION
==========

In this study we constructed tuberculosis care cascades to examine patterns of tuberculosis care between high-burden tuberculosis countries and non-high-burden countries. The results of this study supported our hypothesis that high-burden countries underperform across the tuberculosis care cascade compared to non-high-burden countries, revealing wide differences in diagnosis rate, treatment start rate, and treatment completion rate across countries. The biggest difference in the care cascade performance between high-burden countries and non-high-burden countries occurred in the diagnosis step, showing that a substantial number of presumptive tuberculosis patients remained undiagnosed particularly in high-burden countries.

There were distinct features of the tuberculosis care cascade among the 30 high-burden countries. Nigeria had the lowest diagnosis rate (less than 20%), and 85% of the new cases of tuberculosis remained undiagnosed and did not receive proper care. On the other hand, regardless of good performance in diagnosis, tuberculosis patients in Papua New Guinea and Angola did not receive treatment for their disease.

We found an overall negative relationship between population health indicators, such that countries with poorly performing care cascades also had worse health outcomes and coverage of key health services (such as immunization and antenatal care). Our findings are in line with earlier studies that suggested successful tuberculosis control depends on well-functioning health systems and effective health services provision \[[@R14]-[@R21]\]. Especially for the high-burden countries, the biggest challenge to tuberculosis control was in diagnosis. Performance in relation to diagnosis was identified as the care cascade step with strongest relationship with population health indicators. The results indicate potential use of tuberculosis care cascades as a tracer to assess overall health system performance -- a useful tracer, as tuberculosis treatment lasts several months and provides an indication of how well a health system is providing continuity of care.

Low health system performance will impede the achievement of the tuberculosis targets set in the End TB Strategy and in the SDGs. Considering the current global funding constraints in Development Assistance for Health, resources should be allocated to improve health systems in high-burden tuberculosis countries. While low screening performance was a consistent feature of high-burden countries, performance patterns varied, and this variation, which indicates where health system weaknesses exist in the care cascade, could be used to inform targeted health system interventions. Our study indicated key areas that each of 30 high-burden countries should focus their activities to improve TB program performance. Based on the biggest gap along the care cascades from our [**Figure 2**](#F2){ref-type="fig"}, we may categorize countries into three groups depending on the area they should prioritize \[[@R41]\]. In most of the high-burden countries (such as India, Indonesia, China, Nigeria, Pakistan, South Africa, Bangladesh, Democratic Republic of Congo, Myanmar, Ethiopia, United Republic of Tanzania, Mozambique, Democratic People's Republic of Korea, Viet Nam, Thailand, Kenya, Zambia, Cambodia, Zimbabwe, Sierra Leone, Central African Republic, Congo, Lesotho, Liberia, Namibia), resources for tuberculosis control should be prioritized to improve screening performance through increased screening and active case finding \[[@R42]\]. For the Philippines, Russian Federation and Papua New Guinea where the biggest gaps exist between 'diagnosis' and 'treatment started', resources should be prioritized to expand treatment service provision to put all the people who are diagnosed with tuberculosis on treatment. In both Angola and Brazil, the health systems should be strengthened to reduce 'treatment loss to follow-up' \[[@R42]\].

Although our study has demonstrated and quantified the differential gap in tuberculosis care cascades across countries and how performance of care cascade correlates with health systems performance, our analysis has several limitations. First, we used the cross-sectional data of 2015 for estimated prevalence, mortality and diagnosed cases but used the 2014 cohort data for treatment start cases and for treatment completion cases to construct tuberculosis care cascade and models. This may produce a potential bias in treatment start performance and treatment completion performance, because, theoretically, there is a possibility of abrupt improvement or decline in treatment rates from 2014 to 2015 treatment cohort (although in practice this is highly unlikely). A longitudinal study to examine the trend differences in tuberculosis outcome and tuberculosis care performance would help understand better the relationship between tuberculosis burden and tuberculosis care performance.

Second, the estimated incidence of tuberculosis has an uncertainty. Our cascade was built using WHO's estimated tuberculosis incidence figures. According to WHO, the estimate of tuberculosis incidence for 2015 is based on "case notification data combined with expert opinion about case detection gaps," "results from tuberculosis prevalence surveys," "notifications in high-income countries adjusted by a standard factor to account for under-reporting and under-diagnosis," and "results from inventory/capture-recapture studies \[[@R43]\]." There were seven countries where the total notified cases were higher than the estimated number of tuberculosis incident in 2015. To improve our models, we used the upper bound of estimated number of tuberculosis incident cases for these countries to ascertain the effect of health system performance on tuberculosis disease burden. This approach may have resulted in underreporting the figures in the care cascades.

Despite these limitations, however, the study sheds new light on patterns of the management of tuberculosis across countries and has important policy implications. We constructed care cascades for each high-burden tuberculosis country that enabled us to examine differences in performance across countries in each step of the cascade and to identify areas for improvement.

Results of our analysis indicate that diagnosis performance was the most critical element of the cascade in reducing tuberculosis disease burden and improving outcome. Findings from our study suggest that while overall health system performance in high-burden countries needs to be improved, the step of improved diagnosis needs to be prioritized to increase overall performance along the care cascade and improve tuberculosis outcomes.
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